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ABSTRACT 
The unit curve form of the manufacturing progress f 
been1 bsed as a cost (labor hritrs) forecasting model sine its intro-
duction almost thirty years ago. In an effort to improve forecasting 
error and variation, a modified form of the unit curve, based on the 
concept of transferred and inherited experience, is considered. 
The modified unit curve model is developed and some historical 
evidence of its validity ts cited. A method for approximating the 
parameters of the modified function is presented. 
'-----Several cases are studied which illustrate that under certain 
conditions the modified progress function offers improved forecasting 
results. Other case studies demonstrate that there are circumstances 
where the classical unit curve or a series of straight line approxi-
mations appear to yield more favorable results than the modified curve. 
It is concluded that under a given set of assumptions, the modified 
curve may offer merit. 
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CHAPTER 1. INTRODUCTION 
The manufacturing progress function has steadily achiev~d pop-
ularity as a cost forecasting model., Having originated within the 
airframe industry, the function was slow to find application or I 
acceptance in other manufacturing industries. Perhaps this was due 
to a misconception that "aircraft progress ct1rves" applied only to 
aircraft. Possibly, the use of aeronautical journals and publications 
to report on the results of studies eliminated a large potential 
audience of users. 
One of the first important management-oriented articles was 
:;that of Andress1 . The purpose of the article was to provide a 
brief explanation of learning curve theory and encourage managers to 
investigate its potential application in their own industries. Andress 
cited electronics, home appliances, residential home construction, 
shipbuilding, and machine shops as industries that might benefit. 
In addition to Andress, studies by Hirsch2 , Williams3 , and 
Conway and Schultz4 did much to establish the fact th~t progress 
functions were not the exclusive property of the airframe manufacturers. 
1 Andre·ss, F. J. , "The Learning Curve as a Production Tool", Harvard 
Business Review, Vol. 32, No. 1, Jan. - Feb., 1954, pp. 87-97 . 
• 
&ffirsch, \'I. Z., "Manufacturing Progress Functions", The Review of 
Economics and Statistics, Vol. 34, l\1ay, 1952, pp. 143-155 .. 
3 Williams, P. F., "The Application of l\1anufacturing Improvement Curves 
in Multi-Product Industries", Journal of Industrial Engineering, 
Vol XII, No. 2, Mar. - Apr., 1961, pp. 108-112. 
'Conway, R. W. , and Schultz, A. , Jr. , "The Manufacturing Progress 
Function", Journal of Industri!l Engineering, Vol. X, No.-t\l, Jan. -
Feb., 1959, pp. 39-54. 
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Finally, twelve years after the Andress article; another Harvard 
' Business Review author6 writing in praise of the manufacturing progress 
function found it to be useful in the petroleum industry - where 
Andress thought that it would be of 11 ttle value8 . 
·,:, . 
The manufacturing progress function appears in'several different 
forms, one of the commonest being Crawford's unit curve mqdification7 
of Wright's original form4lation8 • This function is given by y = axn·, 
where y represents the amount of labor hours required to produce the 
xth cumulative unit. a and n are parameters. Since n is always 
- -
-
understood to be negative, the manufacturing progress function (MPF) 
is basically a negative power function. In order to facilitate the 
-~ 
use of this model, a conversion to logarithmic coordinates is made. 
(~ 
.This yields a function which has the appearance of a straight line. 
In the transformed function, then parameter is interpreted as the 
-
slope of the straight line; the intercept on the ordinate is associated 
with the logarithm of a. 
-
(, 
6 Hirschmann, W. 8. , "Profit from the I.earning Curve", Harvard Business Review, Vol. 42, No. 1, Jan. - Feb., 1964, pp. 125-139. 
&Andress, F. J., op. cit., p. 96. 
~-
7 Crawford, J. R., Learning Curve, Ship Cu~ve, Ratios, Related Data, Lockheed Aircraft Corporation, Burbank, California (n.d.) 
8 Wright, T. P., "Factors Affecting the Cost of Airplanes", Journal 
of the Aeronautical Sciences, Vol. 3, No. 4, Feb., 1936, pp. 122-128. J 
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CIIAPl'ER 2. STATEMENT OF PROBLEM 
When the unit curve form of the MPF is applied to high volume 
· products, multi-product shops, or modified versions of older products, 
a problem may arise with respect. to assigning a proper value to 
cumulative production. This is basically a philosophical question of 
defining explicitly what is meant by~, the cumulative production. 
At first thought, it would appear that the cumulative production should 
represent-a simple count of the number of good units produced by a 
shop. However, such a method makes no provision for prior experience 
which may originate from several different sources. 
When gathering cumulative production and labor hour data, 
especially for high volume products, there is no direct way to mea~ur.~ 
or approximate experience factors from shop accounting records. Hence, 
4 
the missing experience factors represent a form of significant missing 
historical data. The object of this thesis is to discuss some of the 
more important causative factors leading to inherent experience and 
to demonstrate one method whereby a compensatory modification of the 
unit curve can be effected so as to reduce the error caused by missing 
~ 
historical data. In addition, five actual cases are studied in order 
to illustrate the operation of experience factors and their limitations. 
It is not the purpose of this thesis to refute the overall con-
~1 .. ,~ I',•·• ·- -
., 
cept of the unit curve. The basic objection being raised is that the 
variable x should not be restricted to the definition of "good output 
1 " f cumu ative production count, but should also include the sumo all 
significant experience available to the manufacturing process at the 
time that the first data is gathered. The modified definition thus 
4 
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implies that all experience is to be measured in the same units as 
good output cumulative production. The following six factors are 
offered as reasons why the adequacy of a good output count may be 
questionable. 
(1) Counting error. A counting error is perhaps more common than 
realized. It is frequently generated when a decision is made to 
-initiate forecasting by means of a manufacturing progress function 
for an established, high volume product. In some cases, historic 
shop accounting data may have been destroyed in whole or in part. 
More frequently, the data may not have been recorded in sufficient 
detail to state fairly the position of the shop with respect to 
good output, scrap, and inventory at the end of each reporting 
period, resulting in inaccurate cumulative production counts. 
Another form of counting error may result from possessing too 
much accounting data. The sheer volume of the shop data may be 
so excessive that e~en with various forms of data processing 
equipment the forecaster may elect to replace a laborious count 
of good output by a rough apprbximation. Such an approximation 
for a multi-million unit per year output could easily be in error 
by hundreds of thousands of units. The most serious form of 
counting error is perpetrated by the forecaster who disregards 
all shop history and starts his cumulative count at one in the 
f~rst period for which labor hour data is acquired. In other 
/ words, an assumption is made that initial production started at 
the time that the forecaster first observed the shop and not at 
.. 
the time that the shop actually commenced operations. In this 
5 .... :-·. ' 
~ 
., 
..... , .. , .. ·.· --~,=-=·". 
:1 
•, 
- L.. .......... --=---- .::::---
, rr •• 
situation, millions of units could arbitrarily be subtracted 
from the true cumulative production count. A unit curve approach 
taken on distorted data of this nature could obviously lead to 
forecasting difficulties. 
I 
(2) Inherited Experience. When a manufacturing organization establishes 
I 
another plant or shop for the production of items which have 
formerly been produced in other locations, it is not unreasonable 
to conclude that most of the experience and progress achieved by 
the old shop is made available to the new facility. Even in the 
case of modifications or model changes, some fraction of prior 
experience is available at the new facility. Hence, before the 
'' '' inception of production, the new shop may have inherited 
thousands of equivalent units of cumulative experience. 
In order to illustrate this concept further, consider the 
hypothetical case of a fluorescent tube manufacturer who has 
decided to build a new plant because of insufficient production 
capacity. At the time that the new plant begins production, the 
old plant has produced one million units with a labor cost per-
formance characterized by a 75% progress curve. (That is, each 
time the cumulative output was doubled, the labor cost was 
reduced to 75% of its former value.) All of the knowledge 
acquired at the old facility concerning shop layout, parts and 
supplies systems"' technical innovation, inventory and production 
control, etc., were incorporated into the design of the new plant. 
Some key experienced personnel were sent to the new plant to 
-ins~re an efficient start-up. Under a centralized management 
6 
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system, any progress or innovation made on one production line 
would be made a~ailable to the other almost immediately. 
A manager at the new plant proceeds to gather unit curve 
data on cumulative units 100, 200, 400, 800, .•• , 12,800 in order 
to plot progress curve data. He finds, much to his amazement, 
that each time the cumulative production has doubled, the labor 
cost has barely been reduced. When a unit curve is fit to the 
data, the manager discovers a progress curve that is closer to 
/ 
95% than to 75%. He therefore concludes that the new plant is 
not nearly as efficient as the parent location, and begins to 
ascribe his imagined difficulties to such factors as start-up 
inefficiency, inexperienced production workers, improper work 
standards, and other tenable alibis. 
The manager's dilemma is actually caused by a fallacy in 
bis cumulative production counts. Because virtually all of the 
experience of the parent plant was transferred to the new facility, 
the manager s~ould not have associated his labor hour observations 
with counts of 100, 200, 400, ... , but rather should have used 
figures of 11 000,100, 1,000,200 , 1,000,400, .••. Had he plotted 
the data on this basis, he would have discovered that the new 
plant was indeed performing on a level comparable to that of the 
parent. In practice there might have been a certain amount of 
start-up inefficiency at the inception of production, in which 
' ~ 
case the number of units of inherited ·or virtual experience 
might be somewhat below one million. 
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One gray _area of inherited experience remains to be 
discussed. This concerns a product which has been so modified 
or redesigned that a legitimate question arises as to whether or 
not the modified product should be considered as a continuation 
of the previous model or should be considered as an entirely 
new product with a cumulative production count started at one. 
Logical arguments could certainly be advanced demonstrating 
that portions of previo·usly acquired experience were directly 
transferable. On the other hand, new operations and processes 
might have no direct counterpart. One possible treatment of this 
problem could be effected by adopting a compromise value of 
inherited experience, ranging somewhere between zero and the full 
value of cumulative production attained on the pre-modified 
product.9 The exact value to use under these circumstances is 
not directly measurable or computable, and therefore can also 
be classified under the heading of missing historical data. 
(3) "Crossover" Experience in Multi-Product Lines. In some industries, 
a shop may produce not one, but a series of related products such 
as different styles or models of radios, automobiles, or clothing. 
If a progress function is applied individually to each item, 
the proper cumulative count for each item b~comes nebulous 
because some of the progress achieved in the manufacture of one 
a:rti9l~ m~y Qf? trE111 9fe:r~ble, in whol.~- _'?~ in part, to the 
9 A more rigorous approach might be taken by the application of a 
multivariate progress function. However, this could lead to formi-
dable problems with respect to the allocation of labor costs among 
numerous shop functions. The model could also be extremely awkward. 
8 
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1 manufacture of a related article. Sometimes only a fine 
" " dih 
distinction exists between crossover experience an n erited 
--
experience. The former generally applies to concurrent or consecu-
tive shop production factors (acquired experience) while the 
latter is associated with events that occurred prior to the start 
of any physical production. The accounting problem of allocating 
individual labor charges in a multi-product environment often 
leads to costly and perhaps inaccurate results; 10 the difficulty 
is compounded when cumulative production is not explicit. Hence, 
another source of missing historical data is indicated. 
(4) Scrap Allowance. Cumulative production counts are based on good 
0 output. If a shop is producing a significant amount of scrap, 
the poor performance will be reflected in the parameters of the 
unit curve manufacturing progress function. However, under the 
assumption that a prudent management will recognize a scrap 
problem and take vigorous action to rectify it, an organization 
can be expected to learn from the mistakes it is making as 
opposed to the shop where scrap rates have already been reduced 
to negligible levels. Thus, it may be possible to credit the 
• '1 
shop's cumulative production totals with at least a small fraction 
of its scrap output ~: 
(5) Spare Parts Production. A factory may produce finished items 
for which some, but not all, of the spare parts are manufactured. 
10Tbis problem is discussed in more detail in a later section. 
j 
... ~ ..... ~ .. ...... ,,.. -·-~ ....... 
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A radio manufacturer, for example, may produce replacement tubes, 
transformers, and loud-speakers for his sets, but no other 
replacement components. The cumulative production figures used 
for the manufacturing progress function will be based on the 
number of canpleted radio sets. Instead of establishing a canplex 
multivariate progress function with its inherent pr9blems of data 
_) 
acquisition, the possibility exists that some undetermined fraction 
of spare parts production may be credited to the finished cumulative 
production count as a compensatory factor for partial production 
experience. 
(6) General Technological Environment. Several other ways remain 
in which general experience may find its way into a manufacturing 
facility without actual production taking place, even into a newly 
formed corporation. Reports, per~dicals, research-memoranda, 
,,i 
j 
consultants, and the general level of personnel training and 
education are some of the factors that tend to establish an 
'\ 
experience factor even before the first unit is produced. The 
progress and experience of vendors, whether they supply basic raw 
materials or heavy equipment, woul~ likewise benefit a new or an 
old corporation. Thus, the general level of the technological 
environment defines the amount of experience available at the·· 
inception· of most corporate ventures. By no means should it be 
implied that the general level of experience would be even 
closely equivalent to the amount of actual ex~e~i~nc~ a~qui~~d 
by an organization actively engaged in production. 
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An interesting. example ot general experience might be 
found in a newly acquired management information and control 
system. In addition to computer hardware and programming soft-
ware, a manager may effectively be buying the experience of 
~ 
literally dozens of other manufacturing facilities which contributed 
to the formulation, trial, and prove-in of the packaged production 
and inventory control system suddenly placed at his disposal. 
The same manager might have developed his own equivalent system, 
but only after thousands of actual units of his product had been 
produced. 
The aforementioned reasons for believing that the cumulative 
production variable in the MPF should consist of more than a physical 
count of good output will each be associated with an equivalent amount 
of production experience,a1 • Thus, the sum of all equivalent or 
inherited experience will be found by summing all of the a 1 • Future 
stuQiee may demonstrate that some of the a 1 are rarely significant; 
others may indicate the need for defining new a 1 • Depending on the 
industry, plant, or type of product, some or all of the a1 may either 
' t, 
be zero or insignificantly small. It is not to be implied that all a1 
must necessarily exist for all products at all times. Neither should 
it be implied that industrial technology and data processing methods 
have advanced to the point where each a1 can be evaluated on an 
individual basis. This might be possible only if all other OJ. except 
the one under consideration were demonstrated to be effectively equal 
to ~ero. 
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Day to day progress over and above that acquired in blocks 
through inheritance and transference is not to be discounted. This 
type of progress is of the kind generally associated with the classical 
unit curve, namely progress cau~ed by such factors as engineering 
\\ 
\·,, 
improvements, relaxed tolerances, employee learning, work simp1~ca-
"''· tion, et cetera. In general, the concepts of inherited experience 
and periodically acquired manufacturing progress are readily separable, 
although with respect to a factor such as 
is diff.icult to form a fine delineation. 
• 
'' '' crossover experience it 
The number and importance· 
of these factors remain philosophical in nature and explain some of 
the diversity of opinion in the ~rogress curve literature. The a and 
n parameters also reflect some prior experience. Thus, a complete 
-
separation is not possible. 
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CIIAP.l'ER 3: THE MODIFIED MANUFACTURING PROGRESS FUNCTION 
If z is defined as the number of cumulative production units that -
have physically been counted, the cumulative productionl variable 
./ 
x is modified as fo1iows: I ., 
-
X = Z 
m 
+ l a.1 
i=l 
Substituting (1) into the unit curve equation yields: 
m 
Y = a (z + I a.1>n 
1=1 
(1) 
(2) 
Since it is not feasible to measure the individual ai (or to allocate 
inherited experience units among several factors), all units of virtual 
experience must be considered as an entity. If we let 
m l a.1 = B (3) 
i=l 
then equation (2) becomes 
D y = a (z+B) (4) 
The addition of the extra parameter to the original unit curve formu-
lation creates a more awkward expression. When equation (4) is 
plotted on logarithmic coordinates, a curve which is concave upward 
is obtained . 
• Since most progress curve data is processed under the hypothesis 
that the classical unit curve is applicable, it is important to in-
vestigate the implications of fitting a unit curve to data which is 
approximated by a modified curve. Figure 1 illustrates a hypothetical 
situation in which a concave modified curve is approximated by a straight 
,. 13 
! • 
... 
-
line. A significant consequence of this treatment can be seen from 
the forecast discrepancy at unit 100,000 (or greater). The unit 
curve tends to overstate labor hours or cause a positive forecast 
bias. It was precisely this latter symptom that drew the attention 
of the author into an investigation of why the unit curve hypothesis 
was providing unsatisfactory results.11 The author, like many of 
his predecessors, had been fitting simple regression lines to logar-
ithmically transformed empircal data because it seemed to be an 
established precedent that this was the only way to interpret the unit 
curve concept. The apparent inadequacy of the classical unit curve 
with its ease of manipulation thus led to an investigation of a more 
complicated form in order to discover if the additional data processing 
difficulties could be offset against an improvement in results. It is 
the opinion of the author that too many users of the manufacturing 
progress function have discounted the experience factor for the sake 
of simplification, but to the detriment of forecasting accuracy. 
Figure 2 is illustrative of this trend. The hypothetical data points 
appear tolle nicely along a straight line; hence, a regression line 
J 
is drawn by inspection. In reality, all values along the abcissa 
have been reduced by 100,000 units in order to approximate a modified 
progress curve. 
11In the particular shops under study, average manpower forecasting 
-----------....-.~-------~- err·ors sometimes exceeded 10%. In all cases, manpower forecasts ex-
·- . ·,. 
'· 
,.11.;• 
.. 
ceeded reported labor hours • 
• I 
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CIIAPTER 4 : HISTORICAL DEVEIDPMENT OF THE MODIFIED CURVE. 
It is not difficult to argue that if a worker possesses prior 
knowledge or training, his performance curve will differ from that 
of an inexperienced worker. Fortunately, empirical data has been 
gathered in this area. In a study for the U.S. Navy, 12 the 
performance b_y a group of individuals of a series of complex motor 
tasks was evaluated. The following conclusions are noteworthy: 
The results showed unmfstakably that, under laboratory 
conditions, transfer from prior learning is an important 
determiner of the shapes of performance curves. There 
was good reason for believing that transfer plays a 
significant role even when the prior learning is of the 
everyday variety occurring outside of the laboratory. 13 
· .. 
The effect of prior learning on an individual could clearly be extended 
to the case of a group of individuals in a manufacturing organization. 
The latter part of the Navy report's conclusion is likewise significant. 
It implies that a general type of experience exists which may not' be 
directly associable with on-the-job experience. The analogy to be 
established with respect to a manufacturing organization is that the 
general outside technological environment may affect internal progress 
curves. 
Some evidence does exist at the plant level that prior experience 
, • e r' 
affects the shape of progress functions. At the conc·iu;ion of World 
u, 
. ' War II, the Stanford Research Institute undertook a comprehensive 
1ashephard, A.H. and Lewi~D., Prior Learning as a Factor Shaping 
Performance C.urves, U.· S. Navy Technical Report SDC 938-1-4, State 
University of Iowa, Iowa City, Iowa,(' July 11, 1950. 
13Ibid, p. 8. 
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study of wartime aircraft production data.14 ·A study of empirical 
data showed that a general expression of the form of equation (4) 
' 
was appropriate for some of the data. With respect to the B-factor 
curves, Asherl 6 noted that : 
..• the largest B values were obtained for aircraft that 
(1) were a series of a basic model but were plotted 
separately or (2) were a basic model produced by a company 
that had produced the same model at a different facility. 
For basic models.not previously familiar to the producers, 
the B values obtained ,vere quite small - in some cases 
even zero or negative. 
The particular airframe data studied yielded values of n in the vicin-
ity of -0.5; thus equation (4) was simplifiedle by using the form of 
y = __ a __ _ (5) 
Vz+B 
Only one published report on the modified progress curve appears 
to have followed the original Stanford study. F. S. Hoffman of the 
RAND Corporation, also analyzing World War II airframe data, reportedl 7 
that the use of a third parameter did produce a smaller sum of squared 
deviations in some cases. \Jrr However, because of the unsatisfactory 
nature of the data with which he worked, he was unwilling to commit 
14Relationships for Determining the Optimum Expansibility of the Elements 
of a Peacetime Aircraft Procurement Program, Stanford Research 
Institute, prepared for Air fv7aterial Command, U.S.A.F., Dec. 31, 1949. 
16Asher, H., Cost-Quantity Relationships in the Airframe Industry, RAND 
Report R-291, The RAND Corporation, Santa Monica, California, July 1, 
1956, p. 107 • 
I 
18 Ibid . , p . 44 / 
1 7 Hoffman, F. S., Conunents on the Modif.ied----For.m .of the Aircraft Progess 
Function, Research Memorandum RM-464, The RAND Corporation, Santa 
Monica, California, October 4, 1950. 
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himself on whether the improvement justified the fitting of a third 
parameter or whether the modified progress curve was even an appropriate 
functional form.1 8 • Since Hoffman's report, no significant research 
has been pursued within the airframe industry. Asher had access to 
new data, but did not attempt to examine it with respect to B-factors.19 
The modified curve concept continues to have adherents within the 
airframe industry2o, but there have been no recent B-factor studies 
with empirical data. Outsit!e of the airframe industry, no modifi.ed 
curve studies exist. In fact, the concept of the modified curve is not 
even mentioned. 
•  
1 a I bid. , p. 1 .. 
~, 
1 e As her, ff • , op • c 1 t . , p • 107 • 
· a0 Garg, A. , and Milliman, P. , "The Aircraft Progress Curve - Modified 
for Design Changes", Journal of Industrial Engineering, Vol. XII, 
No. 1, Jan. - Feb., 1961, pp. 32-38. 
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himself on whether the improvement justified the fitting of a third 
parameter or whether the modified progress curve was even an appropriate 
functional form.1 8 • Since Hoffman's report, no significant research 
has been pursued within the airframe industry. Asher had access to . 
. -
I 
new data, but did not attempt to examine it with respect to B-factors.19 
The modified curve concept continues to have adherents within the 
airframe industry2°, but there have been no recent B-factor studies 
with empirical data. Outside of the airframe industry, no modified 
curve studies exist. In fact, the concept of the modified curve is not 
even mentioned. 
( 
•• 
.:.._... 
1 a Ibid., p. 1. 
l9Asher, H., op. cit., p.- 107. 
\ 
a 0 Garg, A., and Milliman, P., "The Aircraft Progress Curve - Modified, 
for Design Changes", Journal of Industrial Engineering, Vol. XII, 
No. 1, Jan. - Feb., 1961, pp. 32-38. 
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CHAPTER 5: ASSUMPTIONS 
Before proceeding with any study of the modified progress curve, 
it is necessary to compile a list of the more important assumptions 
and restrictions under which the study is to be conducted. In those 
cases in which some of the qualificatior-s are obviously violated, 
it may be possible to find an alternative approach. 
It is assumed, first of all;,-:1hat .B is essentially a constant, 
;(.- -( 
-~ 
equal to or greater than zero, fb~ the entire length of time that 
the manufacturing facility is studied. In other words, the sum of 
all inherited and transferred experience has stabilized at a constant 
value prior to the time that shop data is first collected. This 
assumption may not strictly be correct with respect to crossover 
,, 
experience and scrap allowance, where an increasing B gradient may 
-
i, 
be in operation. 
The measured cwnulative production, z, is considered to be alf 
-
independent variable, having an insignificant measurement error. How-
ever, the labor hours, y, is a dependent variable possessing a signifi-
-
cant measurement error. The mean and variance of the error distribution 
are essentially constant over the period in which data are analyzed. 
The type of the error distribution is unknown and no assumption of 
nor~alcy will be made.21 
The manufacturing facility being studied is assumed to be pro- ·--
ducing a product whose nature does not change drastically. If such 
I 
21Most of the data analyzed in subsequent case studies indicated that 
skewed error distributions were present. 
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an event did take place, the modified curve concept would be usable 
with data acquired subsequent to the changeover. It-~ds also assumed 
I 
\ 
that the product does not face imminent extinction, that is, that the 
product line is not in the process of being phased out or discontinued. 
The latter would imply the probable reallocation of experienced pro-
duction and engineering manpower to more lucrative areas with a con-
sequent disruption of the former progress rate. 
The rate of production is assumed to be basically constant over 
a period of time. This is an important restriction for almost any 
progress function because excessive layover periods, and production 
which is concentrated in a relatively short time interval, do not 
provide the organization with as much opportunity to "learn" as the 
shop engaged in daily production activity. In fact, the layover 
,, '' periods may cause an organization to forget some of that which it 
has already learned. High volume production is defined to be pro-
duction of the order of thousands to millions of units per year. This 
contrasts with the low output of the airframe manufacturer ~ho may 
produce substantially less than one hundred units per year. 
Shop accounting data in general can be subject to significant 
error and variation. Abnormal data points are generally associated 
with legitimate alibis,22 and it is the opinion of this author that 
such points should either be discarded because they perform no useful 
function other than to illustrate that a manufacturing facility is 
composed of complex man-machine relationshi.ps, or should be adjusted 
aasee Williams, P. F.,, "The Application of Man\)facturing Improvement 
• 
... ·--.-, .-:: ,:;· ':-. 
. 
Curves in Multi-Product lndustrie~," Journal ·01 Industrial Engin!ering, 
Vol. XII, No. 2, Mar. - Apr •. ,, 1961, pp. 108-112. ( 
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in such a manner as to minimize the effect of the occurrence which 
originally caused them to deviate from expected performance. Drastic 
changes in labor hour performance due to causes such as new foremen, 
inexperienced new workers, unexpected machine down time, rearrange-
ment of working facilities, etc., represP.nt temporary disruptions that 
are not appropriate to a progress curve model. Other data problems 
are discussed in a subsequent section. 
One final assumption deals with the relationship of the fore-
casting model to the operation of the shop. If a progress function 
is actively used to establish weekly (monthly) work norms for a shop, 
there may be a tendency for the shop to adjust its output performance 
to meet the minimum foreca~t. requirements. This would be a case of 
fitting the dat!1 to the model in the spirit of Parkinson's First Law. 
Conway and Schultz2 3 were concerned about this distortion, and Dawson 
suggested that the way to circumvent the problem was to reevaluate the 
model frequently and change it whenever a better fit was found. 24 
Fitting the data to the model may be more prevalent than most managers 
care to admit, but it will not be considered as a legitimate phenomenon 
in this study. 
23 / " Conway, R. W. and Schultz, A., Jr., The Manufacturing Progress 
Function", The Journal of Industrial Engineering, Vol. X, No. 1, 
Jan. - Feb., 1959, pp. 39-54. 
.) 
24 Dawson, W. L., l\1anufacturing Progress Functions, Department of 
Industrial Engineering, Arizona State University, Tempe, Arizona, 
May, 1962 (Master's Thesis), p. 22. 
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CIIAPl'ER 6 : FITTING THE CURVE 
Fitting a function of the form y = a(z+B)n to a group of paired 
data (yi, z 1 ) can be accomplished in several ways, most of which are 
inexact procedures involving searching techniques. The method chosen 
for this study was based on the criteria of simplicity and direct 
applicability to unit curve analysis. As a result, the approximations 
of the modified curve parameters may neither be statistically efficient 
nor unbiased. 
Consider first the problem of evaluating the set of parameters 
(a, n, B)· given three different points from a hypothetical modified 
function. These three points would yield three simultaneous equations 
in three unknowns as follows: 
ln Y1 - ln a + n ln (z1 + B) 
ln Ya - 1n a + n ln (z2 + B) -
·/-·, ln ln ln (za + B) \~\ ... Y3 - a + n -
After eliminating ln a and n from these equations we are left with: 
-
ln (zl + B) - ln (z2 + B) ln Y1 - ln Y2 
- 0 - (6) -ln (z3 + B) - ln (zl + B) ln Y3 - ln Y1 
The only unknown in this equation is 8. It is therefore possible 
-
llY .. a trial and error method to find that value of B which satisfies 
(6) above. (This may also be called a searching procedure.) Having 
fQund B, a and n can be evaluated by direct substitution. An 
' - -
electronic data processor is obviously advantageous for a problem of 
this nature. 
When more than three points are to be investigated, the method of 
least squares estimators would seem appropriate. However, a least 
21 
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squares treatment of the modified MPF would yield three simultaneous 
equations involving linear functions of In a and n, but non-linear 
- -
functions of B. Instead of manipulating a system of non-linear 
simultaneous equations, an alternate method analogous, but not equivalent 
to the least squares principle was selected. 
A criterion function was defined by: 
N 
Z = I [Y1 - a (zi + B)n]a 
i=l 
The logarithmic counterpart of this function would be given by: 
N 
Z' = l [ ln y1 - a' - n ln (z1 + B)] 2 
i=l 
where a ' = ln a 
- -
(7) 
(8) 
Assume that Bis a known constant. We may then minimize Z' with 
respect to a' and n as follows: 
- -
cz' 
an 
N 
~:: = 2 l [ ln Yi - a' - n ln (zi + B) J (-1) Q 0 
i=l 
N 
= 2 l [1n y - a' - n ln (z1+s>][-1n (zi+e>] g O 
i=l 
(9) 
(10) 
Equations (9) and (10) lead to the following formulations of a' and 
-
n: 
:. = I (ln zi + 8)2 [ 10 Yi - l ln (zi+B) l 1n (z1+B) lo Yi 
. N l (ln zi+B)2 - [ l 1n (z1 +s>] 2 (11) 
' 
.. , --- .· -...... -~-I ln (zi +B) .. 1~ Yi. - I ln ~zi+ ~;I ln Yi 
(12) 0 
= N I (ln zi +B)2 - [ l 1n (z1 +B)] 2 
I aa 
~' 
;., 
; 
' \ 
1 
,, .. 
l 
l 
I 
I 
I , 
i I 
I I 
, I 
I 
:] ~ 
.. r 
! [ 
.. 
• 
_- ·=-..-...-. 
"· 
..... I . . 
• 
The latter two equations become estimators only when B is known. 
-
In the special case where B = O, the equations reduce to the familiar 
estimators for intercept and slope of logarithmically transformed unit 
curve data. 
The following procedures 'llre used to approximate the parameters: 
I 
I 
1. Choose a starting value of!, calling it Bj. (Bj is 
usqally zero.)\ 
2. 
3. 
4. 
5. 
6. 
7. 
l. 
~ .. ,_ 
Evaluate equatioqsJ ___ (1: and (12) using this value of B •. 
This will yield Q~ and nj. j 
Place the set of parameters (aj, nj, Bj) in equation (7) 
and evaluate z .• a5 
J 
Increment Bj by some convenient constant, c, calling the 
new value Bj+l. 
Evaluate equations (11) and (12) using this value of Bj+l· 
This will yield a~+l and nj+l· 
Place the set of parameters (aj+l' nj+l' Bj+l) in equation 
(7) and evaluate Z. 1 • J+ 
If Zj+l < Zj repeat steps 4-6 for increments j+2, j+3, •••• , 
j+r, j+r+l until Z < Z. 1• This implies that the vicinity j+r J+r+ 
of a minimum has been reached.. At this point, one can "back 
off" from. B. by subtracting c/2 o Finer increments, for J+r 
example, c/10 or c/100 can then be added to (B -c/2) unti 1 j+r / 
another minimum is reached .. If desired, B can be resolved 
to the nearest unit, or less .. This is often not necessary, 
and the particular application will suggest how fine B should 
be resolved. The amount of data processing time that one is 
willing to expend in this process will suggest·a practical 
limit. 
The search for the set of parameters which minimizes the 
criterion function can involve a large amount of tedious calculations. 
Without an electronic data processor, the calculation time could become 
as Note: aj a' = e J· 
aa 
I . 
' 
J 
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---,----------------------......... ~--- ' 1 
' ·- - .. , -
•'\ 
... .. . 
) 
·prohibitive. This probably explains why the modified progress function 
has not been pursued to any great extent either inside or outside of 
the airframe industry. The ease with which the classical unit curve 
model can be handled, either through graphical analysis or by means 
of log.tables and desk calculators, undoubtedly has been a predominant 
factor in popularizing progress functions. However, the ubiquitous 
nature of the computer throughout industry and institutions of higher 
learning should do much to dispel the reluctance toward investigating 
more tedious formulations. Crawford's comments concerning the Ieng.th 
and difficulty of certain equations2 6 were made shortly after World 
War II; these same comments today are inappropriate. 
The equations and procedures stated above were used by the author 
to design a FORTRAN program for an IBM 1620 computer that could approxi-
mate the modified MPF parameters and then use these parameters to 
forecast labor hours at various levels of f'uture cumulative production. 
The same program, with the proper selection of input constants, could 
also be used to prqcess data according to the unit curve model (i.e. 
" B-g--a). The essential logic of this program is shown in flow chart 
form in Figure 3. 
The input to the Modified Manufacturing Progr~ss Function Data 
Reduction and Forecasting Program consists of raw shop accounting data, 
~cumulative forecast values, and two correction constants. The shop ' '.. 
input data contains the number of time periods (N) for which data has 
been collected, and a listing of all paired data points (yi, z1 ) where 
1 varies from 1 to N. Four values of future cumulative production for 
which labor hours forecasts are desired are also placed on the input 
as 
j 
A!lher, H., op.cit., pp.21-22. 
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tape. These forecast values may represent the production require-
ments of the next four months, or may represent a monthly, quarterly, 
semi-annual, and annual outlook. 
J 
Two correction constants, c1 and c2 , 
are used by the program to establish an initial correction and subse-
quent correction increments, respectively. When no previous knowledge 
of~ exists, c1 is set equal to zero. However, when the approximate 
value of~ is known,~ can be set at a value slightly below~ in 
order to conserve data processing time. The correction increment, ~· 
may vary from as low as 10 (resolving B to the nearest whole unit) to 
-
as high as 100,000 (resolving~ to the nearest 10,000 units). Pro-
grammed correction constants may be used in place of manual input 
values. 
After the data is read in, the value of the first correction 
constant,~, is added to all z1 ; the yi and adjusted zi are converted 
to logarithms; the a and n parameters are computed; and the value of - -
· the criterion function is computed. The increment c2 is next added to 
all adjusted z1 (yielding z1+<\ +~) and the preceding calculations are 
repeated, this' time yielding aj+l' nj+l' and Zj+l· This process is 
repeated according to step 7 until a minimum has been found. The total 
correction associated with Z j+r is given by '1. +r · Ga • 
b<. 
If the total correction is greater than zero, the program proceeds 
to resolve B t~ a finer increment by " " backing off from the total 
correction. This is accomplished by subtracting ~/2 from the previous 
total correction, thus yielding ~ +r. ~ -'1: /~. The program then repeats 
its. searching operations, but with modified correction constants • 
Specifically, the following two correction constants are used: 
/ 25 
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c' = C + r-~ - C /2 1· .(13) 1 . 1 2 
t-e't.' 
e' = C /k (14) 
2 2 
This allows the program to resolve~ to the nearest es/k uni ts, 
although successive passes using ~ /lOk, ~ /lOOk, ~ /lOOOk, etc. 
could be used for much finer resolution. The program used for this 
study had k set equal to 10. 
-· 
In the event that the criterion function reaches an initial 
minimum with a total correction of zero (i.e. Bj = 0 and Zj <Zj+l), 
the finer resolution of~ must be accomplished by using the two follow-
ing modified correction constants: 
" 0 (15) cl --
~· - c2 /k (16) 
The program then proceeds as before. 
At the completion of the fine resolution, the set of approximated 
A A A parameters (a, n, B) is printed out along with smoothed labor hours and 
labor hours forecasts. That is, all labor hours are computed by: 
A A ~ 
yi = a (zi + B) (17) 
The program contains options for auxiliary printouts of inter-
mediate data processing and the insertion of new correction constants 
if ·a criterion function minimum is not reached within one hundred 
passes. A special check is made for a positive value of n. If n>O 
is found, no further searches are made and the program proceeds to its 
final outputs. A positive n represents a special case which ie 
-
discussed in more detail in the next section. 
In order to check out the program and illustrate its operation•, 
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a large table of hypothetical unit curve data was generated by means 
of another computer program. A small extract from the large table. is 
shown in Table 1, and represents unit curve data of the form y = 
lOx-· 08926733 (The value of~ corresponds to a 94% progress curve.) 
The following transformatioif7 was made in order to convert the unit 
curve into a modified progress function: 
where B was arbitrarily set equal to 290,000 units. The results of 
this transformation are given in Table 2. Observe that the last four 
valu's of labor hours have purposely been omitted. This ·was done not 
only to check the program's ability to approximate the parameters, but 
also to provide accurate forecasts. The first six sets of paired data 
shown in Table 2 were fed into the program. The results of this prob-
lem, including some of the intermediate program calculations are 
summarized in Table 3. The first four passes resolved B to the near-
est 100,000 units. The next group of five passes resolved~ to the 
nearest 10,000 units, and the program selected values of 290,000 
I 
10.000597, and -0.089271887 as approximations of B, a, and n ~ 
- - -
respectively. All values of input cumulative production, includi~g 
those to be used for forecasting, were corrected by adding~, and 
smoothed labor hours were computed and printed out. The forecasts of 
tJ}rough y4 , of course, compare favorably with the original unit 
curve data in Table 1. --- _ _.. 
a7 Note that this transformation is a DM>re exact statement of the 
modified progress function problem. 
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The precedi'ng problem was attempted for many values of B ranging 
-
from one to several hundred thousand. 
curves and values of a were also used. 
-
A large variety of percent 
In all cases, satisfactory 
answers were achieved. Minor digressions from the true values of a 
-
and _!! such as those shown in the sample problem above, were attribut-
able either to the rounding off of input data or, more frequently, 
to the approximation formulas required for logarithmic conversions 
and power function inversions that were associated with the FORTRAN 
library subroutines. In almost all cases, the results appeared to 
agree within five or six significant figures. 
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CHAPTER 7 : CASE STUDIES 
The Nature of the Data. The data used in the case studies was 
obtained from various manufacturing facilities of the Western Electric 
Company, Inc. For the usual proprietary reasons, however, the loca-
tion of the plants, the exact product descriptions, and the time periods 
during which the data was gathered must be withheld. However, these 
restrictions do not detract from the validity or applicability of the 
studies. Plant locations U and V produce electronic components; the 
data from location W applies to an electronic assembly. 
The shops at locations U and V are multi-product shops. Hence, 
the shop accounting data had to be analyzed in such a way as to 
allocate properly the labor costs among the various products. The 
procedure for allocating costs must be tailored to the particular 
accounting system of the manufacturer and must be cognizant of the 
manner in which the shop is operated. The individual manufacturer 
thus becomes his own best authority for cost allocation. This was 
especially true at locations U and V. The manufacturer had developed 
bis own model for computing the labor hours devoted to the production 
of a particular production item as a function of total shop labor 
hours, good output, scrap, and work-in-process inventory. The manufac-
turer Bid not guarantee that his model truly represented shop perform-
ance under all conditions, or that more improved models could not be 
developed in the future. The model did, however, represent the best 
cqrrent thinking on the subject. The difficulties of cost allocation 
at locations U and V are best illustrated by the plots, both on 
<artesian and logarithmic coordinates, of the data points as shown in 
29 
' 
,, 
--r.-;-
.. 
. ~ .. ., 
I 
! 
I 
= .. c-"";.--
. ·-~-~~· , __ 
, 
0 
' 
•# • • .. 
' Pi.gures 4-7 and 10-13. There is an unusually large variability in 
the data, and in p situation such as that in Figure 5, there are per-
i;-' 
haps at least as many as six different curve forms that might be 
fitted to the data. This would explain the prevalence of the large 
nwnber of curve fonns that have been postulated throughout the progress 
curve literature. Thus, it has been possible for researchers such as 
Carr28 to fit an S-type curve to his data, or for Dawson29 to find 
that an exponential curve provided the best fit for his data. It is 
not difficult to imagine that other researchers could obtain data 
which suggested a polynomial or logaritlunic fit. 
Two further comments should be made concerning the U and V product 
data. Since the measurement of the data may be crude and inaccurate, 
the use of highly refined statistical procedures for its analysis may 
not be appropriate. A freehand curve may be as meaningful as any of 
the subtle statistical methods that are available. 
had this in mind when he stated that:. 
Dawson obviously 
• 
Statistical techniques may be used to make 
the ·predictions more objective but it must 
always be remembered that the available 
data are seldom such as to justify rigorous 
statistical testing procedures. Consequently, 
considerable judgment must be exercised when 
interpretJ~g the data and the ~ccompanying 
analyses. 
The cost of obtaining the U and V product data was not inconse-
quential because electronic data processing equipment was utilized 
aecarr, G. W. , "Peacetime Cost Estimating Requires New Learning Curves," 
Aviation, Vol. 45, Apr., 1946, pp. 76-77. 
as»awson, W. L., op. cit., p. 26 ff. 
30Dawson, W. L., op. cit., pp. 44-45. 
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in the analysis of the shop accounting data. We may therefore be 
faced with the problem of weighing the cost of improving the reli-t 
ability and accuracy of the labor hours data against the value to 
management of its end product, namely, labor-hours forecasts. It 
' may well be that the costs of acquiring the data were already too 
excessive from a management information point of view, and that 
simple percentage estimates by shop supervisory personnel might 
provide labor hours data that was comparable to the more rigorous 
approach. The number of significant figures used to state labor 
~ours implies a precision of measurement that did not exist. 
The electronic assembly at location W required a relatively large 
amount of labor hours per unit. The problems of cost allocation were. 
not as severe, and the difference in the variability of the data as 
compared to the former products is quite apparent. The form of the 
logarithmic curve as illustrated in Figure 9 is more indicative of a 
modified progress function. 
The Nature of the Studies. The method used to compare the unit curve 
against the modified progress function consisted basically of analyzing 
all shop data first under the unit curve hypothesis and then under the 
modified progress function hypothesis. This procedure represented a 
"before and after" treatment of the same data; hence, the paired fore-
cast values obtained were not strictly independent of each other. 
Since no assumptionswere made concerning the type of error distri-
bution, and the values of its mean and varia~ce, the only appropriate 
statistical check appeared to be a non-parametric sign test. 
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In the first four case studies, the first six available time 
periods (months) of data were collected before any attempt at fore-
casting began. This was an arbitrarily chosen figure (as little as 
three months might have been selected), but it was decided that a 
value of ~ix represented a practical compromise between the need for 
delivering forecasts based on a minimal amount of data while at the 
same time having enough data points to establish some sdrt of a 
pattern. The first six points were thus used to forecast labor hours 
in month 7 by both methods. When the reported labor hours for month 
7 became available, the forecast error of each method was computed. 
The seven data points were then used to forecast for the eighth month, 
and the entire process was repeated for each successive month until 
about 15 or 16 months were observed. The results of each case are 
discussed separately. 
One problem encountered in analyzing some of the data was that of 
I 
a positive value for the exponent n. Such a value implies that no 
-
progress is being made; in fact, labor hours are tending to increase 
with increasing cumulative production. This situation might be expected 
to develop when the nature of the product is suddenly changed, the shop 
is physically moved, or the product line is about to expire and exper-
ienced people are being transferred to other lines. It might also 
reflect poor shop scheduling and excess idle time. None of the fore-
going conditions was found to exist. Therefore, when n > 0 was found, 
neither progress function was used to forecast labor hours because a 
power functiqn with a positive exponent is extremely inappropriate, 
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Instead, a simple persistence forecast81 was used because it was 
reasoned that prudent managerial measures would be exerted not only I 
to stop the upward trend but also to re-establish it downward. A 
good sign of stopping the upward trend would be two consecutive 
months of the same labor hours costs - aence, the persistence forecast. 
Case 1; The shop at location U had been in operation for more than 
,\ 
ten years. When it was decided to start forecasting labor hours by 
\· 
. ., the use of a manufacturing progress function, special arrangements 
r, 
were made to gather the appropriate shop accounting data. However, 
for many of the preceding years of operation, labor hours and cumula-
.,,-.C' 
.; ,,, 
tive production data were either unavailable or incomplete. Thus, 
when the first shop report was received, the cumulative production 
count was started at 1, even though previous production was estimated 
to be of the order of magnitude of hundreds of thousands. The cumula 
tive production count was therefore known to be understated by a 
significant amount. There was no real justification for starting the 
count at 1, but the manufacturer considered that this policy was wiser 
than making a guess. Produc~ Ul, being a part of a multi-product 
operation, probably also benefitted from "crossover" experience. 
The data gathered during the period of the study is summarized in 
Table 4. Figure 4 shows the points on rectangular coordinates; 
Figure 5 is a logarithmic plot. A high degree of variability is 
. 
evident and it would appear that the distribution of the measuring 
error function is biased toward the upside. - a characteristic which 
was observed on most of the data gathered on the electronic components. 
3
~This type of forecast simply states that next month's labor hours will be the same as last month's. 
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Table 5 summarizes the results of forecasting by means of the 
unit curve and the modified progress function, starting with the 
se\tenth month. The forecast errors are defined as the differences 
between the reported labor hours and the forecasted labor hours, and 
are computed for both methods. The valu~ of Bin this study ranged 
-
from approximately 230,000 to 370,000. ···The sign test indicates that 
a significant difference exists between the average forecast errors. 
The first entry in Table 14 lists the average and standard errors of 
both methods. The average unit curve forecast error of 1.507 vs. 
-0.148 for the modified curve appears to confirm that the unit curve 
hypothesis leads to positive forecasting bias and that the modified 
progress function provides an improvement. 
Case 2. Location Vis a relatively new facility. The manufacturer 
had maintained the necessary accounting data from the inception of 
shop operatiop~~ The cumulative production count was therefore con-
sidered to be fairly accurate. However, the shop at plant V produced 
essentially the sa·me products as the old~r shop at plant u. The lay-
out at plant V, the shop practices, and the equipment reflected the 
many years of experience gathered at plant u. Some of the experienced 
personnel from plant U were even sent to plant V to help start-up 
operations. Plant V therefore appeared to provide an excellent example t 
of the inherited eipfrience concept. The historical data gathered 
during this case sttdy is presented in Table 6 and is shown plotted in 
-
. ' 
Figure 6 (rectangular coordinates) and Figu~e 7 (logarithmic coordlnates). 
The first attempt at forecasting (in month 7) led to a positive 
exponent (n >0). As discussed previously, neither type of a progress 
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function was considered appropri-ate and a persistence forecast was 
used for both models. The forecast errors due to the persistence 
forecast were not con~idered as part of this study; they were not 
included in the computations of average forecast errors and standard 
errors. 
As indicated by the raw data, product Vl was produced in much 
larger volume than product Ul~ 2 The value of B was in the vicinity 
of 3,000,000 units, thus implying that a considerable amount of 
experience had been transferred to the new facility. A subsequent 
check indicated that the labor hours being reported for product Vl 
were approximately equal to or less than the labor hours concurrently 
being reported at plant U for the same product, despite the fact that 
shop U had been in operation for many years before plant V was put on 
stream. The average forecast error under the unit curve hypothesis 
showed a positive bias and the use of the modified progress function 
again showed a significant improvement, namely, an average error of 
0.403 versus 0.107. Forecast results are summarized in Table 7 and 
on line 2 of Table 14. 
Case 3. Product Wl at plant Wis a major electronic assembly which 
has no connection with the components produced at plants U and V. It 
is interesting as a case study because the shape of the logarithmic 
curve is more clearly defined (Figure 9). It also indicates that 
lower volume - higher labor hours products should not be exempted from 
the concept of the modified manufacturing p~ogress function. 
32 Note: Product Vl is the same type of electronic component as Ul, but it possesses different physical characteristics and has a 
much higher demand. 
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The raw data for product Wl appears in Table 8 and is plotted 
rectangularly in Figure 8 and logarithmically in Figure 9. The value 
of~ ranged from only 80-110, but its effect on forecast errors and 
variances was substantial. The type o~ electronic assembly repres_ented 
by product Wl was not unique to the manufacturer; thus, some small 
history of previous experience was applicable. The findings for pro-
ducts Ul and Vl are confirmed again in Wl. An average positive bias 
of 53.5 hours was reduced to an average error of -3.8 hours by the use 
of the modified progress function concept. The forecasting results 
for Wl are summarized in Table 9 and on line 3 of Table 14. It should 
be noted that a considerable imp~ovement was also achieved in the 
forecasting error variance. 
A closer inspection of Table 9 reveals that toward the end of the 
study, the modified forecast errors tended to become progressively 
larger while the unit curve forecasts revealed a steady improvement. 
This situation resulted from a deterioration of labor hours improvement 
{ -, 
/ . 
starting ~pproximately in the thirteenth month. The logarithmic curve 
of Figure 9 provides an illustration of the problem because of the 
presence of a "tail" at the end of the data. This behavior is typical 
of what might be expected as a product line approaches maturity and a 
portion of the manufacturer's previous efforts are diverted to newer 
and more important lines. Labor hours thus become higher than antici-
pated under the premise of a modified progress function because of this 
tail. The unit curve, which by its nature tends to consistently over-
. state labor hours when applied to a modified curve, therefore yJ_elds 
'better forecasting results in the vicinity of such tails. ·This problem 
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is investigated in more detail in Case 5. 
Case 4. In order not to mislead the reader into thinking that the 
modified progress curve concept revealed experience factors in all 
cases, an example was discovered at location V which consistently 
demonstrated a B-factor of zero (no expe~ience) for all forecast 
periods. The relevant data is presented in Table 10 and Figures 10 
and 11. This case study in no way refutes the modified progress curve 
because it must be remembered that a unit curve is a special case of 
n a modified curve, that is, the functional form y = a(z+B) reduces 
n toy= ax when B = o. Product V2 had its counterpart at location 
U, thus leading to the belief that an experience factor would exist. 
The probable explanation lies in the first data point as shown in 
Table 10. An excessively high value of labor hours was reported for 
only the seventh cumulative unit. There may have been some problems 
with respect to the start-up of the line which should not legitimately 
have been considered as part of the normal shop performance. Even 
though the unit curve was selected in place of a positive B-factor, 
the fa.recasting performance was not exemplary, as indicated in Tables 
11 and 14. The forecast error and standard deviation, when expressed 
as a percentage of reported labor hours, represent a poor performance • 
The type of treatment attempted in Case 5, which follows, would probably 
tend to improve· the forecasting performance of the unit curve in Case 4. 
Case 5. Product V3 represented a case study in which the modified 
progress function did not yield an improvem~nt over the unit curve. 
In retrospect, one can examine the entire data history for the period 
under study (shown in Table 12, Figures 12 and 13) and discover why 
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the failure occurred. The logarithmic data (Figure 13) shows that 
the last three points represent a sudden break or departure from the 
slow downward drift of the preceding points. A similar situation was 
seen in Case 3, although it was not as severe. The forecasting results 
shown in Table 13 indicate that the average unit curve forecasting~ 
error is mathematically greate.r than that of the modified curve, but 
still represents a better performance. The unit curve er1·or of 0.052 
compares to a modified curve error of -0.150 (see Table 14). If the 
last three time periods are eliminated, however, the modified progress 
function yields superior results, namely, a unit curve average fore-
cast error of 0.253 versus 0.019 for the modified curve average fore-
cast error. 
We have seen how a departure from the expected form of the modified 
" " 
progress function, either because of the formation of a tail or a 
sudden upward trend in labor hours, can cause a unit curve model to 
provide better forecasts on the average. But being unable to predict'· 
when a tail or an upward trend might appear, what kind of a policy 
should be followed? If there .is reason to suspect that the logarithmic 
curve cannot be described by a known function - in other words, the 
curve has a complex form that is not predictable - an old, time-honored 
method of approximation might be employed. That method would coQsist 
of approxiroating ~ complex curve by a series of short straight line 
segments. This procedure was attempted with product V3, with a straight 
line-being fit to the six most recent pieces of data. That is, if in 
any given time period there were N pieces of data available, all summa-
tions in the regression equations ranged from N - t + 1 to N, with t 
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replacing the sample aize. A value oft= 6 (a six months moving 
., 
regression analysis) was used for each straight line segment. The 
six most recent values were also used for a moving modified progress 
curve analysis as a comparison, although this was not prudent in view 
of the hypothesis that an unknown ftirictional form was being approxi-
mated. The results are tabulated as the last entry in Table 14. The 
average error appears to be quite acceptable. Hence, a moving regress-
ion analysis may be the simplest Solution to a difficult problem. 
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CHAPTER 8 : SUMMARY 
Over fifteen years ago, the Stanford Research Institute dis-
(• 
,. 
covered that some progress curve data taken from the airframe 
.. 
industry did not appear to be linear when plotted on logarithmic 
coordinates. A cursory investigation euggested that the non-linearity 
was due to some vaguely defined experience factor. 
In the intervening years, few researchers in the airframe 
industry pursued the subject in any depth. Outside of the airframe 
industry, the concept of inherited experience went virtually unno-
ticed. It is difficult to cite an author who has taken even passing 
notice of the problem. Many treatises on the manufacturing progress 
function seem to conveniently ignore the 8-factor concept. There has, 
of course, been sufficient reason to discourage many potential 
8-factor researchers. Computing equipment is virtually essential and 
the parameters are difficult to approximate. 
There are several reasons why available cumulative production 
figures may be questionable. These range from simple counting errors 
in the case where historical records for high volwne products are 
mis_sing, to more subtle problems of estimating the amount of progress 
and experience transferred from a parent organization. In some cases, 
five or six·sources of inherited experience may be operating simul-
taneously, and the B-factor can at best represent their s11mmation. 
I'"-._ 
The user of the classical unit curve manufacturing progress 
~'!~(?tion implies that he possesses an a pr.iori knowledge of a zero 
----
experience factor. Many experience factors may indeed be non-
existent 9r negligible, or the error caused by ignoring ihem may well 
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be tolerable[. Most progress curve studies of the past have largely 
i 
been academic in nature. Forecast errors were not a primary consid-
eration as long as it could be demonstrated that some type of a 
progress function existed. At present, however, labor hours fore-
casting is now playing a more active role in determini Lg overall 
inventory and production control policy. Forecasting errors and 
variations can become costly. The use of the experience factor con-
cept may aid some users in their quest for greater accuracy. 
Th1'ee case studies were presented showing that the modified 
manufacturing progress function may have merit. These studies were 
not absolutely conclusive because they represented the experience 
of only one manufacturer and were concerned with two basic types of 
products produced at three different plant locations. The appli-
cation of a unit curve progress function resulted in positive average 
forecast biases; the modified curve led to significant improvements. 
The variation of the forecast error was reduced in only one study. 
This was a disappointing aspect of the case studies because improved 
laborlsmoothing generally represents more of a potential cost reduc-
tion than an improvement in average labor forecast error. An exam-
ination of the input shop accounting data, however, indicates that 
the lack of improvement in the variance may not be due as much to the 
modified curve as it is due to the model or accounting procedures 
used to establish raw labor hours. t]iThe third case study appears to 
support this belief because the small variation in the input data 
was reflected in a reduced forecast variance for the modified curve 
as compared to the unit curve. 
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One case was found where the ~-factor consistently remained at 
zero for the lensth of the study. This result is probably common in 
sane industries. Instead of concluding that no prior learning 
existed, however, an examination of the input data suggested that 
abnormally high labor hours associated with start-up operations might 
have been responsible for the unexpected result. The problem of 
reporting or filtering raw labor hour data is again indicated. 
Two examples ·were shown in which the use of the modified pro-
gress function yielded forecast results which were either inferior 
to those of a unit curve or which indicated that an unfavorable trend 
in forecasting error was developing. The causes were subsequently 
identified as labor hour reports which (1) exhibited an unexpected 
upward trend or (2) showed a leveling trend, indicating that the 
rate of progress had deteriorated. These symptoms are indicative 
of product termination, shop disruption, or erroneous data reporting 
systems. It did not appear that the modified curve was the proper 
model to use under the foregoing circumstances. The use of the unit 
curve or a series of short straight line segments in forecasting 
seems to be more appropriate if a deterioration in labor hour 
performance is expected. 
"·! i. . 
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CHAPTER 9: CONCLUSIONS •• 
The modified three-parameter manufacturing progress function of 
the form y = a (z+B)n can be used to forecast future labor hours 
requirements for production facilities which lack certain historical 
data. The B parameter is used to offset partially the missing 
· experience factors. 
Under certain conditions, the modified manufacturing progress 
function has merit over the standard unit curve progress function. 
In particular, the modified MPF may improve average forecast error 
when neither of the following conditions exists: 
1. Abnonnally high labor hours are expended on start-up 
operations. 
2. The rate of labor hours progress deteriorates because 
of product termination, shop disruption, or erroneous 
data reporting systems. 
If one or both of the latter do exist (or are anticipated), 
the use of a unit curve or short straight line segments for fore-
casting is recommended .. 
The unit curve manufacturing progress function can lead to a 
positive forecast bias whenever it is applied to a facility which 
is more accurately described by a modified progress function. Hence, 
,. 
the presence ·of positive errors when forecasting with a unit curve 
should immediately suggest the applicability of the modified curve . 
....... ~/ 
Improvement in fore·cast error variati:on may occur when using 
the modified curve in place of the unit curve, but such improvement 
is by no means certain. 
.. 
High variation and uncertainty in raw input 
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accounting data will flow ~hrough to forecasting results no matter 
which of the two models is applied. 
The modified progress function, although computationally awkward, 
offers sufficient improvement to justify the more tedious calculations. 
The general availability of modern CO'Dputing equipment should do much 
to offset the added complexity • 
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CMPTER 10: AREAS POR PURTHER STUDY 
The variability of most of the data presented in this thesis 
raises certain questions concerning the method .(model) by whtch labor 
hours are derived. Perhaps greater forecasting accuracy is to be 
' . achieved·not through improved progress functions, but through more 
subtle models for computing labor hour expenditures for modern 
high volume products. Further research and documentation regarding 
the existence of experience factors throughout many industries, and 
the methods by which labor hours should be charged (especially in 
multi-product shops) represent important opportunities for further 
contributions to the progress curve literature. 
The presence of "tails" and other irregularities in either the 
unit curve or the modified curve has always caused considerable 
unhappiness. It has not yet been specifically determined whether 
these situations can best be handled by straight-line approximations 
(case 5) or by the development o~ new special industry-oriented 
functions33which attempt to predict and track irregular shop 
performance. 
The p~ocedures for approximat-ing the modified progress function 
parameters presented in this thesis involve a mathematical searching 
technique. There are other ways in which these parameters might be 
approximated·, and the author would like to see the development of 
more powerful and efficient methods. Statistical theory concerning 
the nature of estimators for parameters which appear in non-linear 
,. 
33 Garg, A., and Mi~lima,n, P., op. cit., pp. 32-38. 
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· form is incomplete. A comparative study of all methods of ·estimating 
modified progress function parameters appears appropriate. 
For. those proponents -of manufacturing progress functions which 
are logarithmic, exponential, polynomial, or S-type in nature the 
·1t1 concept of inherited experience is equally valid. To investigate 
these and other curve types using a B-factor could occupy many re-
searchers for years to come. \ The availability of computing equipment 
has not thus far led to the anticipated "explosion" of knowledge 
regarding new and improved progress curve forms. 
Finally, we must recall that the m~nufacturing progress function 
is only one of several competitive forecasting models available to 
the researcher. If one agrees with Conway and Schultz that "No 
particular slope is universal, and probably there is not even a 
common model,"34 or with Dawson that " •.. each case be treated indi-
vidually and that each useful approximating equation should be given 
an amount of credence commensurate with its 'goodness of fit' ,'~ 6 he 
will do best to establish a "library" of forecasting models that 
range from first order exponential smoothing ton-dimensional 
multivariate functions. Such a library should be able to accommodate 
several dozen functional forms and have ample room for expansion. 
, 
34 Conway, R. W. and Schultz, A., Jr,, op. cit., p. 53 ... ,. 
36 Dawson, W. L., op. cit., p. 45. 
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Fi.gure 1. Forecast error caused by unit curve analysis of a modified manufacturing 
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Figure 4. Unit curve data for product Ul. 
.c ~-
.. 
30 
G) 
.;.: 
•.. ,1 
. G) 
25 
8 
20 e 
E) e \"' 
111 § 0 
0 15 :c 
G) 
G) G) 
T, 
il ! 
a:a 
G) 
.:S 
;_ 
10 
s 
0 
0 10 20 30 40 50 60 70 
CUMULATIVE PRODUCTION ( THOUSANDS OF UNITS) 
, 
!' 
r 
r 
Figure 5. Unit curve log data for product Ul. 
CR 
.... 
100 
10 
1 
,;:;.,--;~~~lor"-':i:~.~-.;.;i.1'.=1-·0:_.,.._,-_,,. ...• -~.-----. .... =----~-~-- ~~---,,.._-.~--- -· ~----- -- ··t··-- ---- ·-- --- ---·-. -· 
;~ 
e (:) 
E) 
ff:'· 
\ 
10 
CUMULATIVE PRODUCTION (THOUSANDS OF UNITS) 
(:) 
100 
J . 
.\ 
1' 
I 
f: 
f 
i 
.. 
11,·. 
.. 
-#~ 
' 
Figure 6. Unit curve data for product Vl. 
_ .... 
. .
' .. 
8 
e 
a a E) 
·-.: en 6 to 
(:) 
;. e 
§ 
e a e (:) 
(:) 
0 
= 0 
a: 
0 
4 
cc 
:5 
2 . :,..·~· 
··' 
0 
0 100 200 300 400 500 600 
CUMULATIVE PRODUCTION (THOUSANDS OF UNITS) / 
·' 
\ 
I 
/ 
--------------:----,---~-----------------Iii!~~ 
. 
_ .. , ... ·-
,.,., 
,·' 
I 
10 
I·. 
•·· 
1. 
1 
Figure 7. Unit curve log data for product Vl. 
.. 
e 
e (:) (:) (:) 
8 
, ) I 
I 
10 100 
CUMULATIVE PRODUCTION (THOUSANDS OF UNITS) 
.. 
. ·- .. -· -~~------------~-- r·- ---·· ----------- ---
.;. 
. '\a 
I 
1000 •.· .. 
·,,· 
• 
·· ---------·---~---... ----·--· ··-··-·-••••; .. ,.•u•••-••fMl~.;,,--c] 
' 
\ 
............. .,. .. ,.,.. __ _ 
.. 
l 
; 
,-
. 
20 
10 
5 
----------
Figure 8. Unit curve data for·product Wl. 
0 
0 
·~· 
0 
•) 
... 
0 
0 0 0 
4 6 
·------
.,. 
\:..·. 
0 
8 10 12 
CUMUL!\TIVE PHODUCTIO~ (THOUSA~DS OF U~ITS) 
----·····. 
·----------------------~----- •.• - . ----·---~- -----~-
l 
.. 
• ,.·' :,..;. i~ -
I 
10,000 
§ 
i 
! 
= 
1000 
:S 100 
10 
1 
Figure 9. Unit curve log data for product Wl. 
'· 
(:) 
G) 
8 
(:) 
(:) ) . 
. . 
(:) 
.•· 
10 100 1000 10,000 
CUMULATIVE PRODUCTION (UNITS) 
4-·-- ·--
·. 
Figure 10. Unit curve data for product V2. 
120 
J> 
,..:.: 
100 
• 
80 
"' O') ~ 
= 60 ;F 0 
= 
i 
5 
.. 
·~ 
" 
40 
20 
a e a a 
G) 
10 20 30 40 50 60 70 80 90 
CUMULATIVE PRODUCTION (THOUSANDS OF UXITS) 
f •• -r:-'"""~:-·--. 
i 
ij 
' 
Fi gu r(• 11 . Un 1 t cu r\'e 1 01,: da t a· for product \':!. . •. 
1000 
-
100 
G) 
CII :r. 
-
""" 
--, 
-
-
-
-
-
-C 
-~ 
-
e 
(:) 
' (:) 
' 
10· 
,i 
1.._ ______________________ ....... ____________ ,L.. ___________ ....... ~----------' 
l O l 00 1 000 10 ; 000 100 , 000 l 
CUl\nJLA TI\'E PHODUCTIO~ l U!\ ITS) 
.. 
~----------- . -
. :·-··· __ --- .. ~·~,~)':-.i--~*~~-~>-...->: .·:-!;_S·· .. .-=-r~G.-: =~·-=---·-=---~--__,,....------;--------------------------------------
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TABLE 1 
SAMPLE HYPOTHETICAL DATA OF 
THE FORM y = 10x-.08926733 
CUMULATIVE PRODUCTION (x) LABOR HOURS 
300 000 3.2439341 
400 000 3.1616885 
500 000 3.0993323 
600 000 3.0492980 
700 000 3.0076249 
IP""\ 800 000 2.9719868 
900 000 2.9409025 
1 000 000 2.9133724 
10 000 000 2.3720764 
100 000 000 1.9313516 
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TABLE 2 · 
SAMPLE HYPOTHETICAL PATA OF 
THE FORM y = 10 (z+290,000)-.0B926733 
MEASURED CUMULATIVE PRODUCTION (z) LABOR HOURS 
10 000 3.2439341 
110 000 3.1616885 
210 000 3.0993323 
310 000 3.0492980 
410 000 3.0076249 
510 000 ·•' 2.9719868 
610 000 Y1 
710 000 ~ 
9 710 000 Ya 
99 710 000 Y4 
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TABLE 3 
APPROXIMATION OF THE PARAMETERS OF A 
HYPOFHETICAL MANUFACTURING PROGRESS FUNCTION 
VALUE OF B VALUE OF a 
0 3.9699463 
100 000 5.8976034 
200 000 7.8486228 
300 000 10.269918 
250 000 8.9869811 
260 000 9.2316453 
270 000 9.4820475 
280 000 9.7376107 
290 000 10.000597 
CUMULATIVE PRODUCTION 
300 000 
400 000 
500 000 
600 000 
700 000 
800 000 
900 000 
. 1 000 000 
10 000 000 
100 000 000 
':. -·- - -.. --~-·--;r 
61 
VALUE OF n VALUE OF Z 
-.021009511 6.2621636 X 
-.051161729 5.6181979 X 
-.071986795 6.0817579 X 
-.091151502 4.5016239 X 
-.081682598 9.1443054 X 
-.083595101 4.8962896 X 
-.085497285 2.0746452 X 
-.087383915 4.9438515 X 
-.089271887 1.3327000 X 
LABOR HOURS 
3.2439414 
3.1616915 
3.0993322 
3.0492955 . 
3.0076203 
2.9719802 
2.9408941 
2.9133629 
2.3720436 
1.9313047 
10-3 
10-4 
10-5 
10-1 
10-6 
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10- 1 
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TABLE 4 
\ 
UNIT CURVE DATA FOR PRODUCT Ul 
CUIIULATIVE PRODUCTION LABOR HOURS 
-
2832 21.902 
7501 26.622 
11875 27.671 
17166 28.879 
23420 18.064 
32818 18.490 
37827 16.032 
41254 ·21.157 
43913 24.382 
46645 16.870 
15.624 
17.035 
.,,,.-4-9286 
,,,- "" 
5100Q 
51633 18.085 
53281 15.063 
15.199 
1 
54851 
62093 15. 760. 
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CUMULATIVE 
FORECAST VALUE 
37827 
41254 
. tJ ' 
43913 
46645 
49286 
51000 
51633 
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54851 
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TABLE 5 
FORECASTING RESULTS FOR PRODUCT Ul 2 3 4 5 
REPORTED UNIT UNIT 
LABOR CURVE CURVE 
HOURS FORECAST FORECAST 
ERROR MODIFIED 
(3-2) FORECAST 
16.032 21.254 5.222 18.426 
21.157 19.140 
-2.017 16.516 
24.382 19.518 
-4.864 17.729 
16.870 20.405 3.535 19,226 
15.624 19.551 3.927 18.241 
17. 035 18.732 1.697 17.357 
18.085 18.434 0.349 17.169 
15.063 18.306 3.243 17.136 
15.199 17.800 2.601 16.567 
15.760 17.137 1.377 15.360 
' 
,i' 
:,·. 
. 6 7 
MODIFIED SIGN OF 
FORECAST DIFFERENCE 
ERROR BETWEEN 
(5-2) ERRORS 
(4-6) 
2.394 
.+ 
-4.641 + 
-6.653 + 
2.356 + 
2.617 + 
0.322 + 
-0.916 + 
2.073 + 
.,_ 
1.368 
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TABLE 6 
UNIT CURVE DATA FOR PRODUCT Vl 
CUMULATIVE PRODUCTION LABOR HOURS 
10734 6.496 
32560 5.663 
59036 6.464 
103329 6.257 
170736 7.163 
227928 6.133 
259026 5.410 
284248 5.797 
312686 5.387 
356381 5.275 
389566 5.040 
1 ... ~ 423418 4.453 ; 
\ 
! 455585 5.406 : I 
:t 
' 494555 5.024 ', 
i 524708 5.575 f 
!I 
I I 549312 :. 4.967 r 
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CUMULATIVE 
FORECAST VALUE 
259026 
284248 
312686 
356381 
389566 
423418 
455585 
494555 
524708 
549312 
i 
--; 
·, 
TABLE 7 
. FO~ASTING RESULTS FOR PRODUCT Vl 
2 3 4 5 
UNIT 
CURVE 
REPORTED UNIT FORECAST 
LABOR CURVE ERROR MODIFIED 
HOURS FORECAST (3-2) FORECAST 
5.410 6.133* 6.133* 
5.797 6.122 .325 5.999 
5.387 6.028 .641 5.883 
5.275 5.861 .586 5.631 
5.040 5.721 .681 5.444 
4.453 5.573 1.120 5.238 
5.406 5.352 -.054 4.929 
5.0~4 5.332 .308 4.934 
5.575 5.268 -.307 4.875 
4.967 5.290 .323 4.956 
------------'---· -~ -- -
I , 
,u 
r 
6 7 
SIGN QF 
.. 
MODIFIED DIFFERENCE 
FORECAST BETWEEN 
ERROR ERRORS 
(5-2) (4-6) 
-
.202 + 
.496 + 
.356 + 
.404 + 
.785 + 
-.477 + 
-.090 + 
-.700 + 
-.009 :+ 
* A persist~nce forecast was used because of a positive value of n . 
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TABLE 8 
UNIT CURVE DATA FOR PRODUCT Wl 
CUMULATIVE PRODUCTION LABOR HOURS 
5 1729 
55 1281 
156 969.9 
355 697.4 
642 511.2 
994 368. 4 - - -
1532 272.5 
2335 218.0 
3242 180.4 
4257 150.3 
4997 135.3 
5845 124. 0 
6827 120·. 3 
8056 112. 7 
9304 112. 7 
10756 109.0 
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CUMULATIVE 
FORECAST VAWE 
' 
1532 
2335 
3242 
4257 
4997 
5845 
6827 
8056, 
9304 
l'J756 
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TABLE 9 
FORECASTING RESULTS FOR PRODUCT Wl 
2 3 4 5 
UNIT 
CURVE 
REPORTED UNIT FORECAST 
LABOR CURVE ERROR MODIFIED 
HOURS FORECAST (3-2) FORECAST 
272.5 419.5 147.0 303.4 
218.0 320.6 102.6 218.0 
180.4 256.8 76.4 176.2 
150.3 212.7 62.4 148.7 
135.3 185.0 49.7 134.3 
124.0 163. 4 . 39.4 121.4 
120.3 146.1 25.8 110.2 
112.7 132.1 19.4 101.6 
112.7 121.4 8.7 94.4 
.109. 0 112.9 3.9 89. 6 · 
; 
~ 
~ 
I 
.. 
·.•.= 
:•· 
6 7 
SIGN OF 
MODIFIED DIFFERENCE 
FORECAST BETWEEN 
ERROR ERRORS 
(5-2) (4-6) 
30.9 + 
0 + 
- 4.2 + 
- 1.6 + 
- 1.0 + 
- 3.6 + 
- 10.1 + 
- 11.1 + 
- 18.3 + I 
- 19.4 + 
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TABLE 10 
UNIT CURVE DATA FOR PRODUCT V2 
CUMULATIVE PRODUCTION LABOR HOURS 
7 104.211 
.. 371 15.533 
761 13. 0.00 
1027 19.159 
2204 22.430 
5777 15.289 
12454 12. 366 · 
19134 14. 784 
24145 13.851 
28994 13.162 
33570 12,545 
38974 12. 893 
46084 9.788 
57520 11.512 
71621 10.471 
80564 10.857 
87331 10.426 
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TABLE 11 
FORECASTING RESULTS FOR PRODUCT V2 
1 2 3 
CUMULATIVE 
FORECAST VALUE 
12454 
19134 
24145 
28994 .. 
33570 
38974 
46084 
57520 
71621 
80564 
87331 
. 
REPORTED 
LABOR 
HOURS 
12.366 
14.784 
13.851 
13.162 
12.545 
12.893 
9.788 
11.512 
10.471 
10.857 
10.426 
UNIT 
CURVE 
FORECAST 
9.320 
9.177 
9.996 
10.403 
10.600 
10.605 
10.594 
10.024 
- ./ 9. 795"--
9.662 
9.652 
4 
UNIT 
CURVE 
FORECAST 
ERROR 
(3-2) 
- 3.046 
- 5.607 
- 3.855 
- 2.759 
- 1.945 
- 2.288 
0.806 
- 1.488 
- 0.676 
- 1.195 
- 0.774 
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TABLE 12 
.. 
UNIT CURVE DATA FOR PRODUCT V3 
CUMULATIVE PRODUCTION J ,4BOR HOURS 
6011 5.077 
17822 4.692 
26407 5.091 
34330 4.839 
69040 4.813 
94069 4.319 
115534 4.546 
140006 4.099 
171086 4.247 
199514 4.131 
225411 3.936 
251106 3.575 
272894 4.213 
295329 4.207 
313649 4.528 
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TABLE 13 ' 
~' 
t 
FORECASTING RESULTS FOR PRODUCT V3 :4!; 
,:1 2 3 4 5 6 7 
UNIT SIGN OF 
CURVE MODIFIED DIFFERENCE 
REPORTED UNIT FORECAST FORECAST BETWEEN 
-~·; 
~'. 
CUMULATIVE IABOR CURVE ERROR MODIFIED ERROR ERRORS 
FORECAST VALUE HOURS FORECAST (3-2) FORECAST (5-2) (4-6) 
115534 4.546 4.532 -0.014 4.328 -0.218 + 
140006 1.099 4.501 0.402 4.338 0.239 + ~-
-..) 171086 .247 4.328 0.081 4.067 -0.180 
·c. 
., + ' ~ . 
199514 4.131 4.269 0.138 4.028 -0.103 + 
225411 3.936 2.205 0.269 4.002 0.066 + 
251106 3.575 4.117 0.542 3.882 0.307 + 
272894 4.213 3.984 -0.229 3.681 -0.532 + ., 
295329 4.207 3.998 -0.209 3.808 -0.399 + 
.. 313649 4.528 4.012 -0.516 3.894 -0.534 J + 
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TABLE 14· 
--_,, 
SUMMARY OF FORECASTING ERRORS "' 
AND VARIATIONS 
,. 
PRODUCT 
Ul 
Vl 
Wl 
V2 
AVERAGE 
UNIT CURVE 
FORECAST 
ERROR 
1.507 
0.403 
53.5 
-2. 015 
V3 0.052 
V3 (less la~t three J 
time periods) 0.253 
V3 (six month 
moving) -0.067 
J 
\ 
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STANDARD STANDA 
ERROR OF ERROR 
UNIT CURVE AVERAGE OF MODIFlED 
FORECAST MODIFIED FORECAST 
ERROR ABOUT FORECAST ERROR ABOUT 
ITS MEAN ERROR ITS MEAN 
2.870 
0.397 
42.8 
1.657 
0.311 
0.285 
0.327 
-0 .148 
0.107 
-3.8 
-0.150 
0.019 
-0. 150 
'"-. . ' 
-~-~ 
3.016 
0.449 
13.3 
0.292 
0.195 
0.347 
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